A scanned-beam digital mammography system in which the x-ray detector employs a phosphor coupled to a light sensitive CCD by a fiber optic taper is under development. The CCD is a narrow slot-shaped detector that is operated in time delay integration (TDI) mode to acquire a complete mammogram. The temporal response of the phosphor (persistence) can introduce blurring in the scan direction which is also dependent on the scanning velocity. A model based on a simple exponential decay of the luminescence was developed to predict the degradation due to phosphor persistence. The temporal response of several phosphor materials, including Gd2O2S:Tb CsI:Tl, and BaFC1:Eu was measured under pulsed x-ray excitation. The luminescence lifetimes of the phosphors were obtained using an iterative deconvolution technique to correct for arbitrary x-ray pulse shapes. Using the luminescence decay model, the modulation transfer function (MTF) degradation due to phosphor persistence was predicted. The model was verified by comparing the predicted MTF for Gd2O2S:Tb with that measured experimentally in a prototype scanning system after correction for other sources of MTF degradation. The lifetime of Gd2O2S:Tb was found to be approximately 0.5 ms. Using the lifetime in the exponential decay model, the MTF was found to be markedly reduced at high scanning speeds. Other phosphors, such as CsI:Tl had much shorter lifetimes and would consequently cause less MTF degradation. Although Gd2O2S:Tb is widely used for film-screen mammography, its decay characteristics suggest that it may not be the best phosphor for a scanning digital system. Slower scan rates or alternative phosphors with shorter lifetimes are necessary to provide optimal image quality.
INTRODUCTION
In order to overcome some of the limitations of conventional film-screen mammography, alternative digital imaging approaches are being investigated. One type of design uses an x-ray absorbing phosphor coupled to a light sensitive charge coupled device (CCD). Light produced in the phosphor causes charge to be liberated in the CCD elements. The phosphor-CCD assembly scans across the breast in synchrony with the x-ray beam and the images are acquired using the time-delay integration (TDI) mode. This type of system has increased dynamic range and linearity compared to film-screen systems, as well as more dose-efficient scatter rejection. A major advantage is that it requires fewer (and smaller) CCDs than a full area detector.
The MTF of a phosphor-CCD scanning system is affected by severalfactors in the image formation process.
Careful optimization of each stage is required to keep the MTF acceptable.
In a stationary non-scanning system, most of the phenomena that contribute to image degradation are reasonably well understood. Factors such as focal spot blurring, phosphor screen thickness, x-ray to light conversion efficiency, and optical coupling between the phosphor and the CCD, and charge transfer efficiency in the CCD are all major factors in contributing to signal loss and image degradation.1
In a scanning system the temporal response of the system components can produce blurring and signal loss. For example, the TDI ripple clocking causes the effective aperture size in the scan direction to be larger than the physical pixel size of the CCD."2 Any mismatch between the clock rate and the scan velocity will cause an additional loss of resolution in the scanning direction.
In addition to the properties of the CCD, one must also consider the temporal response of the phosphor, because all phosphors continue to emit light following the x-ray exposure for a period of time described by their luminescence characteristics. This article will review some of the properties of luminescence and develop a model that can be used to predict the loss of image quality in a scanning TDI x-ray system. Some preliminary measurements on four phosphors will also be presented.
THEORY

Luminescence
Luminescence is a phenomenon that arises when a material absorbs energy and emits photons at optical energies. The simplest model for luminescence decay involves an ensemble of independent two-level atoms (ground and excited states) . The light intensity will be:
where r is the luminescence lifetime of the phosphor.
Many phosphors exhibit exponential emission. This is because tile luminescent centers are spaced sufficiently far apart such that each center can be considered to be independent from its neighbors. There are deviations from the exponential model,3 but these effects will be ignored here.
If there is more than one excited state, each state may exhibit a different transition probability. Provided that these transitions remain independent, then it is assumed that the intensity response is simply tile sum of two or more weighted exponentials: 1(t) = (2) A second form of luminescence, called afterglow often occurs following the initial exponential decay. Afterglow is a long term persistence of photon emission from a phosphor. Afterglow results from the rather complex excitation and relaxation of electrons in "deep" trap states.3 As a result, afterglow curve shapes often depend on the exposure time. Afterglow will be the subject of future work and it is not dealt with further here.
Image Degradation due to Scanning Phosphor Persistence
In a time delay integration (TDI) system, the phosphor and CCD assembly moves at a constant velocity, v, during image acquisition. During the scan, charge packets in the CCD are transferred at a clock rate set to give them a mean velocity that is equal in magnitude but opposite in direction to the scan motion. With respect to the patient being imaged, the charge packets remain essentially stationary while the phosphor moves at velocity, V. If the phosphor absorbs a burst of x rays at position, x = 0, the resulting image can be expected to be an exponentially decaying (ignoring any afterglow component) streak or blur:
; otherwise (3) This could be considered as a one-sided line-spread function (LSF) , ignoring all other blurring mechanisms. From the LSF, the optical transfer function (OTF) can be determined by the Fourier transform of Equation 3:
The OTF can be expressed as magnitude and phase components to give the modulation transfer function and the phase transfer function:
For a phosphor with a single decay component (n = 1) then Equation 5 and 6 reduce to:
Hypothetical MTF and PTF curves are shown in Figure 1 for two phosphor lifetimes of 0.2 and 0.5 ms and scanning velocities of 40 and 60 mm/s. For digital mammography, we believe that resolution on the order of 10 mm1 is desirable. It is apparent, however, that signal loss in excess of 37% will occur for velocity-lifetime product, VT, of 0.020 mm (e.g. v=40 mm/s, T=0.5 ms) or more at 10 mm1. 
EXPERIMENT
Measuring Luminescence
Ideally, the temporal response of the phosphor could be measured by illuminating the phosphor with a sharp impulse of radiation, and monitoring the intensity as a function of time. This would yield Equation 2 directly. Realistically, x-ray impulses of sufficient intensity are difficult to produce. Instead, an x-ray tube will be used to produce pulses of arbitrary but reproducible shape and intensity and the phosphor response to these pulses will be measured.
To achieve a sharp pulse from an x-ray tube, a chopper wheel or mechanical shutter could be used. Shepherd et al.4 used a mechanical shutter that provided a fall time of approximately 250 jis. Sharper pulses can be achieved using electrical pulsing of the x-ray tube, if capacitance is carefully minimized.
Even with considerable effort spent in making sharp pulses they will still have finite rise and fall times. This means that the resulting intensity of light emitted from the phosphor, r(t), will be the convolution of the x-ray pulse shape, p(t), and the luminescence response, li(t): (9) 88 / SPIE Vol. 2708 To obtain a measure of h(t), the x-ray pulse shape must be deconvolved from the observed response. Unfortunately, deconvolution techniques tend to be very sensitive to noise and are not very robust. 5 An alternative approach is to use an iterative convolution technique.6 Iterative convolution is an optimization process in which the known x-ray pulse is convolved with an estimated phosphor response, j3(t) based on Equation 2 yielding an estimated observed pulse shape, I(t). In our work, the coefficients of j3(t) are iteratively updated by a Levenberg-Marquhardt non-linear least squares algorithm7 until the x2error between r(t) and i(t) reaches a minimum.
A simple schematic of the experimental apparatus is shown in Figure 2 . The experiment consisted of a high frequency regulator (Edec 100Z) and a tungsten rotating anode x-ray tube. Two photomultipliers (Hamamatsu R259) were used as the detectors. A NaI:T1 crystal (0.5 cm thick x 2.5 cm dia.) was coupled by a lucite light pipe to the front face of one PMT. The crystal and lucite pipe absorb 99.99% (9.8x105 transmission) of the incident x-rays, reducing the probability of x-ray interaction in the photocathode of the PMT to a negligible value. A sample of the phosphor screen to be tested was placed in the entry port of a light integrating sphere. The sphere was used because the samples were known to have different light angular distributions. Also, because the samples varied in their x-ray absorption, the sphere provided a means to operate the second PMT outside the direct x-ray path. The x-ray tube was operated at 28 kVp and 100 mA.
The lifetime of NaI:Tl is on the order of 0258,9 which is assumed to be negligible for this experiment. The signal generated by the NaI-PMT detector is, therefore, assumed to reproduce the x-ray pulse shape closely. The second PMT detector measures the phosphor response pulse shape. Both PMTs were biased to -930 V and the signals from the PMTs were passed through a simple RC integrator (lkIl 111 nF) to produce an output voltage. A digital oscilloscope (Lecroy 9314A) was used to record the the voltage across the load circuits from which p(t) and r(t) were obtained. The overall RC time response of both detectors was found to be 1.2 jts which is assumed to be the limiting time resolution. Tantalum Knife Edge (10) (11)
MTF verification: scanning system
In a TDJ scanning system, it is difficult to isolate the MTF component due to phosphor persistence from other motion related components. Thus, an alternative acquisition system was used to demonstrate the persistence effect. If a phosphor strip is moved at a steady speed across a light sensitive detector, then the only MTF component dependent on velocity will be the persistence component described by Equation 5 . The system MTF, MTFSYS, will be:
where MTFd consists of all blurring mechanisms of the imaging system that are independent of velocity and MTFpers is the phosphor persistence component.
If the system MTF is measured at two velocities and the ratio is taken, then the result will be simply the ratios of the persistence components:
Relay Lens
CCD Camera
Stepper Motor The schematic for the acquisition system in this experiment is shown in Figure 3 . The x-ray tube was operated at 35 kVp. A phosphor strip was mounted on a frame that could slide horizontally across the field of view of the CCD camera. Light from the phosphor was coupled to the CCD camera via a relay lens assembly. The lens assembly was used to allow free motion of the phosphor without coming into contact with the delicate camera faceplate. This mount was driven by a stepper motor (Compumotor LE57). The motor was started shortly before x-rays were turned on, so that the screen would be moving at a constant velocity throughout the image sequence.
The MTFs were obtained using a slanted edge technique based on the original description by Judy.1° A total of six scanned edge images were collected with the phosphor strip moving at 60 and 80 mm/s in order to obtain an estimate of experimental uncertainty.
RESULTS
Lifetime measurements were made for four phosphor samples. Figure 4 shows an example of the the x-ray pulse and the response for a Gd2O2S:Tb phosphor. The pulses shown are the result of the averaging of 100 successive pulses to reduce the noise level. The pulses were fit using the iterative convolution technique and an arbitrary double exponential decay model. The fitted model for Gd2O2S:Tb is shown in Figure 5 . Summaries of the lifetimes for two Gd2O2S:Tb phosphors, BaFC1:Eu, and CsI:Tl are shown in Table 1 . The uncertainties quoted are standard errors based on averaging the values from five data sets for each sample. Only a single exponential fit was performed for BaFC1:Eu, because the dual fit produced non-converging results.
The second experiment was designed to demonstrate this effect in a scanning system. Figure 6 shows the ratio of system MTFs at 80 mm/s to 60 mm/s. Because of the relay lens/camera combination, the resolution of the system is quite limited and measurements could only be made out to 3.5 mm1 . There is a small discrepancy between the experimentally measured ratio and the predicted ratio. This is probably due to systematic error in the scanning system related to increased vibration at the higher speed. However this discrepancy is relatively small-if the longest lifetime component (T = 523,as) is increased by as little as 3% (15.6ps) then the curves agree quite well.
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DISCUSSION
A simple luminescence model has been used to quantify image degradation in a phosphor-based scanning system. Although Gd2O2S:Tb is one of the best phosphors in terms of conversion efficiency, x-ray absorption and spatial resolution for a stationary system, it has a relatively long lifetime component (523±2.3 ps) that may make it unsuitable for a scanning system, especially at high scanning velocities. As seen in the table, there is a discrepancy between the two Gd2O2S:Tb samples. Currently, the reason for the difference is unknown. A possible explanation is there may be a difference in composition between the Min-R Medium and the Lanex Medium screens. A difference in the concentration of dopants may be sufficient to produce the difference in the lifetimes. Another possibility is that the short and long components may be from different parts of the emission spectrum. If the dye in the Lanex Medium screen preferentially absorbs photons that have short (161 ps) component, then it is plausible that the weighted lifetime (477 ts) produced by the fit is mainly due to the 523 ps lifetime component seen in the Min-R Medium sample. Additional investigation is required to justify the validity of the dual exponential model used in this paper. A statistical analysis of a single, dual and triple exponential fit will be performed for each phosphor tested. As well afterglow, which has been neglected in this paper, must be investigated in order to determine its relative contribution to image degradation.
